Mutations of the LGI1 (leucine-rich, glioma-inactivated 1) gene underlie autosomal dominant lateral temporal lobe epilepsy, a focal idiopathic inherited epilepsy syndrome. The LGI1 gene encodes a protein secreted by neurons, one of the only non-ion channel genes implicated in idiopathic familial epilepsy. While mutations probably result in a loss of function, the role of LGI1 in the pathophysiology of epilepsy remains unclear. Here we generated a germline knockout mouse for LGI1 and examined spontaneous seizure characteristics, changes in threshold for induced seizures and hippocampal pathology. Frequent spontaneous seizures emerged in homozygous LGI1 À/À mice during the second postnatal week. Properties of these spontaneous events were examined in a simultaneous video and intracranial electroencephalographic recording. Their mean duration was 120 AE 12 s, and behavioural correlates consisted of an initial immobility, automatisms, sometimes followed by wild running and tonic and/or clonic movements. Electroencephalographic monitoring indicated that seizures originated earlier in the hippocampus than in the cortex.
Introduction
Nearly all mutated genes that have been linked to monogenic idiopathic epilepsies code for components of ion channels or neurotransmitter receptors (Baulac and Baulac, 2009 ). Leucine-rich, glioma-inactivated 1 (LGI1), along with Myoclonin1/EFHC1, is an exception. Mutations in the LGI1 gene are associated with the autosomal dominant lateral temporal epilepsy (ADLTE) syndrome (Poza et al., 1999) , also known as autosomal dominant partial epilepsy with auditory features (Winawer et al., 2000) .
ADLTE is an inherited epilepsy syndrome of adolescence onset, characterized by focal seizures that may generalize. A specific feature of the syndrome is the presence of auditory auras. Many patients hear sounds including singing, ringing, humming or whistling during seizures, and seizures may also be triggered by noises or voices. Other less-frequent auras include visual, psychic, autonomic and other feelings or sensations .
Interictal electroencephalography shows temporal abnormalities in 47% of the patients. Magnetic resonance image findings are often normal and outcome is usually good, although some patients may develop pharmacoresistance (Chabrol et al., 2007; Di Bonaventura et al., 2009) . While the prevalence of ADLTE is not entirely certain, it may account for up to 19% of familial idiopathic focal epilepsies .
In 2002, mutations responsible for ADLTE were identified in the LGI1 gene by positional cloning (Kalachikov et al., 2002; Morante-Redolat et al., 2002) . A number of ADLTE families and some sporadic cases with mutations in LGI1 were subsequently reported . Nearly half of known ADLTE-related LGI1 mutations are nonsense and frameshift mutations, some of which are predicted to cause a decreased abundance of mutated mRNA transcripts because of their degradation by nonsense-mediated decay. Other mutations are typically missenses. We and others have shown that missense or truncating mutations impair LGI1 secretion, which also suggests that LGI1-related epilepsy results from a loss of function (Senechal et al., 2005; Sirerol-Piquer et al., 2006; Chabrol et al., 2007; Striano et al., 2008; de Bellescize et al., 2009) . It seems likely, therefore, that ADLTE patients carrying nonsense or missense mutations express lower levels of extracellular brain LGI1 protein, causing haploinsufficiency. Two recent articles describing seizures in LGI1-deficient mice confirmed that lack of LGI1 leads to epilepsy (Fukata et al., 2010; Yu et al., 2010) .
LGI1 encodes a neuronal protein (also called epitempin) that is secreted into the extracellular media by transfected mammalian cells (Senechal et al., 2005) . Expression is highest in the brain (Chernova et al., 1998; Furlan et al., 2006; Head et al., 2007) .
LGI1 has no homology with known ion channel genes. Instead, it encodes a protein containing three leucine-rich repeats in the N-terminal half followed by seven epilepsy-associated repeats in the C-terminal part of the protein. Current evidence suggests that LGI1 is a multi-functional protein: (i) it suppresses glial tumour cell progression in vitro (Chernova et al., 1998) ; (ii) it co-purifies with the presynaptic voltage-gated Kv1.1 potassium channel and inhibits fast inactivation of the K + -currents mediated by the Kvb1 subunit (Schulte et al., 2006) ; (iii) LGI1-oligomers bind to postsynaptic disintegrin and metalloproteinase domains 22 and 23 (ADAM22 and ADAM23) (Sagane et al., 2008) , and binding to ADAM22 may enhance AMPA receptor-mediated synaptic transmission (Fukata et al., 2006); and (iv) LGI1 also contributes to postnatal dendritic pruning and the maturation of glutamatergic synapses in the hippocampal dentate gyrus (Zhou et al., 2009) .
Since mutations may result in LGI1 haploinsufficiency in patients with ADLTE, we attempted to model the human genetic disorder by disrupting the LGI1 gene. We found that adult heterozygous mice have reduced seizure thresholds, and homozygous mice display early-life spontaneous seizures associated with neuronal loss in the hippocampus. 
Materials and methods

Western blots
Mice were decapitated; whole brains and organs were quickly removed and lysed in 5 M urea, 2.5% sodium dodecyl sulphate, 50 mM Tris, 30 mM NaCl buffer. Total protein concentrations were determined by the Bradford method. Of each sample, 25 mg was separated on 10% Tris-glycine polyacrylamide gels, analysed by Western blot using the following antibodies: rabbit polyclonal anti-LGI1
antibody (ab30868; 1 mg/ml; Abcam), rabbit polyclonal anti-LGI1 antibody (sc-28238 H56; 1 mg/ml; Santa Cruz) and monoclonal anti -tubulin antibody (1/2000, Sigma Aldrich).
Animal surgery
Under deep peritoneal anaesthesia (ketamine 100 mg/kg and xylazine 10 mg/kg) homozygous, heterozygous and wild-type postnatal day 8 mice (4-5 g) and heterozygous and wild-type postnatal day 21 mice (10-12 g) were implanted with two nickel-chromium epidural electrodes placed symmetrically in the somatosensory cortex (2.5 mm posterior to bregma, 1.84 mm lateral to midline). Two electrodes were placed along the median line, the anterior one as neutral and the posterior one as reference. A nickel-chromium bipolar electrode was placed in the dorsal hippocampus in postnatal day 8 mice (1.7 mm posterior to bregma, 1.8 mm lateral to midline and 1.6 mm ventral).
Intracranial video-EEG recordings
Animals were placed in a round transparent cage in which they were free to move, and were connected to a recording system. EEG signals were amplified with a band-pass filter setting of 0.5-100 Hz with a 24-channel system (Medelec, Oxford Instruments) and digitized at 1024 Hz with a 22-bit resolution. Since postnatal day 9 newborn pups are not weaned, recordings were limited to 4-5 h per day. Animal behaviour and EEG signal were visually inspected.
Audiogenic stimuli
After 1 min of habituation in a Plexiglas box, mice were exposed to a loud acoustic stimulus (11 kHz, 93 dB) generated by a function generator (Wavetek 131A) connected to four loudspeakers. The sound was terminated either when a seizure was triggered or after 80 s (four times 20 s with a 2 s interval between each exposure) as previously (Yagi et al., 2005) . Mice were subjected to a single auditory stimulation, and responses were studied by an investigator blind to the genotype of the animal.
Histochemistry
Mice aged postnatal day 8 and postnatal day 14 were deeply anaesthetized with sodium pentobarbital (50 mg/kg by intraperitoneal injection) and then perfused with 4% paraformaldehyde in a 0.1 mol/l phosphate buffer, pH 7.4. Brains were removed, postfixed in the same fixative for 2 h at 4 C, cryoprotected for 24 h in a 30% sucrose solution, frozen in isopentane (À30 C) and stored at À80 C.
Immunohistochemistry was performed using 20 mm free-floating sections. For all experiments, a series of three littermate mice corresponding to each genotype were processed simultaneously. Antibodies used were rabbit polyclonal antibody against ZnT3 (1:500; kindly provided by R. Palmiter), rabbit polyclonal antibody against glial fibrillary acidic protein (1:4000; Dako) and biotinylated secondary antibody (Vector Laboratories). A Nissl counterstaining (0.8% cresyl violet) was done to reveal neuronal cytoarchitecture. Brain slices were labelled with Fluoro-Jade C according to manufacturer's instructions (HistoChem Inc.).
Statistical analysis
Mendelian and sex ratios were assessed by using the 2 -test. For the body-weight plot, we have compared weight ratios between two timepoints rather than absolute values in order to avoid variability of body weight at birth between independent litters. A Kruskal-Wallis test was used to compare body weight evolution of the three genotypes (68 pups from 7 litters). Subsequently, we performed a MannWhitney test to compare LGI1 À/À mice to LGI1 +/À and wild-type mice.
The thickness of the granule cell layer was measured in three brain sections from three mice of each genotype. Means were compared using a Mann-Whitney test.
Results
Generation of LGI1-deficient mice
We targeted the LGI1 gene in murine embryonic stem cells by homologous recombination with a conditional Cre-LoxP approach.
LGI1 loxP/+ mice with a floxed LGI1 conditional allele were produced in a 75% C57BL/6, 25% 129S2Sv/pas hybrid line.
LGI1 loxP/+ males were crossed with PGK-Cre females (C57BL/6), which express the Cre recombinase early and ubiquitously under the control of the phosphoglycerate kinase 1 (PGK) promoter. Recombination was observed in all organs due to maternal transmission of active Cre recombinase in the oocyte (Lallemand et al., 1998) , leading to the deletion of exons 6 and 7 with a frameshift generating a premature stop codon at residue 179 of the protein ( LGI1 protein expression was examined by Western blot of whole brain lysates from LGI1 , confirming that the full-length LGI1 protein was completely ablated (Fig. 1B) . A second LGI1 antibody (sc-28238) directed against the N-terminus (amino acids 35-90) detected the full-length protein, but not a lower band, suggesting that a putative truncated protein (179 amino acids) was absent (Fig. 1C ). Neither antibody cross-reacted with other LGI subfamily proteins, whereas a commercial anti-LGI1 antibody (sc-9581, N18) directed against the N-terminal region may do so (S. Baulac, personal communication). We also examined the developmental and tissue expression pattern of LGI1 using the specific ab30868 antibody. LGI1 expression could be detected at low levels as early as embryonic day 16 and increased with age, reaching plateau levels in the adult (Fig. 1D ).
LGI1 expression was only detected in mouse brain and spinal cord extracts (Fig. 1E ).
Homozygous LGI1
À/À mice display early onset spontaneous seizures 
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97 kDa E 1 6 P 0 P 3 P 6 P 9 P 1 2 P 1 6 A d u lt LGI1 expression during embryonic and postnatal development on C57BL/6 mouse brain lysate (ab30868) and -tubulin used for internal control. (E) Western blot showing restricted expression of LGI1 in the brain and spinal cord of a postnatal day 15 wild-type mouse (ab30868). Equal amounts of total protein were loaded and Ponceau S staining was used as internal loading control. jerks; (ii) hyperkinetic running, often with repeated, large clonics of all limbs and frequently incontinence and loss of postural equilibrium; and (iii) dystonic or hypertonic posture of the trunk, limbs and tail, often asymmetrically. Motor automatisms such as chewing and grooming also occurred and some mice exhibited four-limb tonic-clonic seizures ( Fig. 2 Video-EEG recording demonstrates epileptic activity in LGI1 À/À mice Spontaneous seizures in LGI1 À/À mice were studied in simultaneous video and intracranial EEG recordings from postnatal days 10-15 pups. Ictal epileptic EEG abnormalities were evident in all homozygous LGI1 À/À mice (n = 6), and 52 spontaneous electroclinical seizures were recorded (Fig. 3A) . Epileptic activity was never detected in age-matched heterozygous LGI1 +/À (n = 5) (Fig. 3B ) or wild-type (n = 5) (Fig. 3C) littermates. Cortical EEG records from
LGI1 À/À pups (n = 6) revealed sequences of several ictal electrographic patterns: (i) low amplitude fast activities (18-47 Hz); (ii) bursts or discharges of polyspikes of increasing amplitude and decreasing frequency (20-27 Hz) and (iii) high amplitude slow potentials, close to 1 Hz, with superimposed low-voltage polyspikes (Fig. 3A) . Ictal EEG activities were often bilateral, but asymmetrical seizure terminations suggestive of partial seizures were sometimes detected (Fig. 3D) .
In three LGI1 À/À pups, EEG signals were recorded from both cortex and hippocampus (Fig. 4) . Periods of physiological theta rhythm were evident in the hippocampal EEG between seizures (Fig. 4E ). During seizures, ictal electrographic activities were recorded concomitantly in the cortex and hippocampus. Our data suggest that seizures may be initiated in the hippocampus. They were often preceded by a sharp wave or a spike and wave, of larger amplitude in the hippocampus than in the cortex. Further, seizures appeared to be initiated with low voltage fast activities that started 1-2 s earlier in the hippocampus than in the cortex (Fig. 4A ). After prolonged seizures, EEG activity was profoundly depressed (Fig. 4D ) until interictal activity reappeared after a few minutes. Interictal activities consisted of spikes, polyspikes, spikes and waves and were more abundant in the hippocampus (Fig. 4C ). Brief ictal EEG discharges with no obvious behavioural counterpart were also observed after the first seizures between postnatal days 11 and 15, within the cortex and/or hippocampus (Fig. 4B) .
The percentage of mice showing electroclinical seizures reached a peak at postnatal day 10, and then a second peak at postnatal day 14 (Fig. 4F) . Neither the frequency nor the duration of electroclinical seizures changed appreciably with age. Seizure frequency fluctuated with a mean frequency of 1.6 AE 0.6 ictal events per hour at postnatal day 14 (Fig. 4F) . The mean duration of seizures for animals over all recorded ages was 120 AE 12 s (Fig. 4G ).
Homozygous LGI1
À/À mice die prematurely
All homozygous LGI1
À/À mice died prematurely, and Kaplan-Meier curves revealed a mean lifetime of 16 days (n = 25; SD = 1.8). (D) Epidural EEG recording in a postnatal day 10 LGI1 À/À mouse. In the lower panel, expanded EEG traces show initial spikes discharge with increasing amplitude, and then pseudo-periodic slow potentials with over-imposed polyspike activity. Note the asymmetry at the end of the seizure. No LGI1-null mice survived beyond postnatal day 21 (Fig. 5A) , while no LGI1 +/À or wild-type littermates had died at this age.
We noted at postnatal day 14 that the body weight of LGI1 À/À mice was significantly less than that of LGI1 +/À (P = 0.0012) or wild-type (P = 0.027) mice, whereas the body weight at postnatal day 10 was similar for LGI1 À/À , LGI1 +/À or wild-type mice (Fig. 5B) . The failure to thrive between postnatal days 10 and 14 was associated with a smaller size (LGI1 À/À mice were up to 50% smaller that wild-type littermates) and an apparently slower development in some pups (Fig. 5C ). Postmortem examination of LGI1 À/À mice at postnatal day 14 revealed an absence of stomach contents (Fig. 5D ) and a lack of body fat. While early mortality might result from dehydration and/or starvation due to a failure to feed, we observed that death occurred during prolonged hypertonic episodes in 28% of LGI1 (Fig. 6A ). In contrast, at age postnatal day 28, auditory stimulation induced seizures in a significantly higher percentage of LGI1 +/À than wild-type littermates (52% versus 18%, P50.03) (Fig. 6A) . Typically, audiogenic seizures began suddenly at 5-20 s after the onset of the tone, with wild running, followed by a tonic phase and sudden death in 23% of mice. We examined the cortical EEG of postnatal day 28 LGI1 +/À mice (n = 8) and wild-type mice (n = 3) during auditory stimuli. Cortical electrodes detected no epileptic activity during the wild running or tonic phase (Fig. 6B) . Possibly audiogenic seizures are initiated in the brainstem rather than the cortex as previously suggested (Seyfried et al., 1999) . The neuronal network of audiogenic seizures remain to be investigated with additional recordings of midbrain structures.
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Seizure-induced brain damage in homozygous LGI1
À/À mice No major differences in cortical or hippocampal organization were evident in Nissl-stained sections prepared before seizure onset at postnatal day 8 (Fig. 7A-C) or after repeated seizures at postnatal day 14 (Fig. 7D-F ) in LGI1 À/À mice (n = 4 for each age) and either
LGI1 +/À (n = 4 for each age) or wild-type (n = 4 for each age) animals. Cortical lamination was similar, suggesting that the absence of LGI1 did not affect radial migration of pyramidal cells. However, at postnatal day 14 we detected an abnormal dispersion of dentate granule cells in LGI1 À/À mice (Fig. 8C) . No such dispersion was evident in wild-type (Fig. 8A), LGI1 +/À littermates (Fig. 8B ) or in LGI1 À/À mice before seizure onset at postnatal day 8 (Fig. 9A) . Granule cell layer thickness was significantly increased in LGI1 À/À mice compared with LGI1 +/À (P53.3EÀ06) and wild-type (P 5 9.9EÀ05) mice. Granule cell dispersion is associated with temporal lobe epilepsy in the human and in experimental models. We next investigated other markers of epileptogenesis. We assessed expression of glial fibrillary acidic protein to determine the reactive state of astrocytes in LGI1
+/À and wild-type mice. There was no difference in glial fibrillary acidic protein staining of tissue from LGI1 À/À (n = 3, Fig. 9F ), LGI1 +/À (n = 3, Fig. 9E ) and wild-type (n = 3, Fig. 9D) postnatal day 8 pups. In contrast, in LGI1 À/À (n = 3) animals at P14 after repeated seizures, glial fibrillary acidic protein immunoreactivity increased, particularly in the hilus of the dentate gyrus (Fig. 8F, I ), while there was no change in LGI1 +/À (n = 3) (Fig. 8E,   H ) or wild-type mice (n = 3) (Fig. 8D, G) . In temporal lobe epilepsies, mossy fibres often sprout to form aberrant recurrent synapses with dentate granule cells. We used immunostaining against the zinc transporter 3, present at high levels in mossy fibres to label synapses (Palmiter et al., 1996) . We consistently detected zinc transporter 3 labelling in the inner molecular layer of the dentate gyrus of LGI1 À/À mice after seizures (postnatal day 14), indicating the presence of aberrant mossy fibre terminals (n = 4; Fig. 8L, O) . In contrast, no zinc transporter 3 labelling was detected in this area in LGI1 +/À mice (n = 4, Fig. 8K, N) or wild-type mice (n = 4, , n = 4; wild-type, n = 4; Fig. 9G-I) . Finally, we asked whether recurrent seizures caused hippocampal neuronal loss in LGI1 À/À mice. We used Fluoro-Jade C, which is specific for degenerating neurons (Schmued et al., 2005) . After several seizures, Fluoro-Jade C labelling revealed a strong neuronal loss in the CA3 region and a lesser cell death in the CA1 region of LGI1 À/À mice aged postnatal day 14 (n = 3, Fig. 8P-R During the auditory stimulation (dashed arrow), the mouse was immobile and the EEG showed a normal background activity. Later, the mouse exhibited wild running (associated with movement artifacts), followed by a tonic phase and death (associated with suppression of brain activity).
neurons varied among LGI1 À/À mice, highlighting the importance of seizure number and severity in neuronal degeneration.
Discussion
We report the electroclinical characterization of seizures in mice deficient for LGI1, the gene responsible for ADLTE. Two other reports of LGI1 knockout mice, focusing mainly on in vitro dysfunction, have been published recently (Fukata et al., 2010; Yu et al., 2010) . Our results also demonstrate early onset spontaneous seizures with premature death in homozygous LGI1 À/À mice and an absence of spontaneous seizures in heterozygous LGI1 +/À mice. We have further characterized the phenotype of LGI1-deficient mice, showing (i) spontaneous epileptic activities with video-EEG monitoring and providing details of seizure semiology; (ii) seizure-induced hippocampal cell death and synaptic rearrangement consistent with a temporal origin for ictal activity and (iii) evidence that heterozygous LGI1 +/À mice have lowered threshold to audiogenic seizures, reminiscent of human data for seizures triggered by sound in some patients from ADLTE families.
Homozygous
LGI1 À/À mice: a model for temporal lobe epilepsy?
Homozygous LGI1
À/À mice were born in Mendelian ratios and were undistinguishable from the LGI1 +/À and wild-type littermates until age postnatal day 10. At that time, LGI1 À/À mice began to display spontaneous seizures that are lethal around postnatal day 16. Video-EEG studies on LGI1 À/À mice confirmed that acute behavioural manifestations were associated with epileptic activities, both in the cortex and in the hippocampus. Since seizures in LGI1 À/À animals were frequently initiated by behavioural immobility, EEG records were crucial to define seizure occurrence and duration. Initial seizures could be limited to motor arrest, followed by grooming behaviours including forelimb licking (not shown). Succeeding seizures tended to terminate with wild running and tonic-clonic movements. It seems likely that seizures spread to motor areas only at seizure termination. In the absence of EEG records, Yu et al. (2010) and Fukata et al. (2010) , who reported generalized myoclonic seizure and generalized seizures, respectively, may have missed initial ictal symptoms. Which brain regions underlie seizure initiation in LGI1 À/À mice?
Our data suggest that spontaneous seizures may have a focal onset reminiscent of complex partial seizures originating in the human temporal lobe. The behaviour during seizures suggests a sequential involvement of different brain areas as expected for propagating epileptic discharges. Initial behaviour included motor arrest and oroalimentary automatisms (forelimb licking, chewing). Dystonic or tonic postures, frequently asymmetrical, tended to involve the four limbs separately toward the end of seizures. The organization of hippocampal EEG activity during seizures, with initial low voltage fast activities followed by spike discharges structured in amplitude and frequency, is similar to intracranial EEG records of human temporal lobe seizures (Navarro et al., 2002) . Furthermore, ictal epileptic activities in the hippocampus of LGI1 À/À mice tended to precede cortical discharges, suggesting that as in patients with ADLTE, seizures in mice originate focally in LGI1 À/À mice (n = 3). Scale bars: 650 mm. Cx = cortex; Hipp = hippocampus; Th = thalamus; Ag = amygdala. the temporal structures. We note that some patients with ADLTE describe psychic ('dé jà -vu') and autonomous symptoms (epigastric sensations), characteristic of mesial temporal lobe auras (Morante-Redolat et al., 2002; Winawer et al., 2002; Ottman et al., 2004) .
Further evidence for hippocampal involvement for seizures in LGI1 À/À mice was provided by anatomical changes occurring after the onset of recurring ictal events. These changes, which include neuronal cell death, astrocyte reactivity, granule cell dispersion and aberrant mossy fibre sprouting in the dentate gyrus,
LGI1-/-R Q P are typical for patients with temporal lobe epilepsies as well as numerous animal models of hippocampal seizures (Dudek and Sutula, 2007) . No such morphological modifications were present in LGI1 À/À pups at postnatal day 8 before seizure onset, or in
LGI1 +/À and wild-type animals. Taken together, evidence for anatomical changes in the hippocampus, for a hippocampal origin of ictal activity and for strong expression of LGI1 in the dentate gyrus and CA3 region (Herranz-Perez et al., 2010) support a localization of LGI1-related epileptic activity to this region.
Heterozygous
LGI1 +/À mice: a model for ADLTE?
Since human LGI1 mutations are linked to ADLTE, an autosomal dominant trait, we searched for epileptic behaviour in heterozygous LGI1 +/À mice. These animals showed no evidence of spontaneous behavioural epileptic seizures at any age up to 15 months. We cannot completely exclude rare seizures, but the absence of pathological changes in hippocampal anatomy suggests that heterozygous mice did not experience recurrent subclinical seizures. However, adult LGI1 +/À mice were more susceptible to sound-induced seizures than wild-type littermates, as are some patients with ADLTE. Audiogenic seizures possessed a comparable age dependence and similar violent behavioural manifestations, including wild running and clonic or tonic activities, to those induced in wild-type mice (Seyfried et al., 1999) . This susceptibility is striking, since the C57BL/6 mouse strain is normally resistant to audiogenic seizures. Our LGI1-deficient mice were derived from 75% C57BL/6 and 25% 129S2Sv/pas hybrid background, suggesting that LGI1 deficiency underlies their susceptibility to audiogenic seizures. Interestingly, both LGI1 and the mass1 gene, mutated in the Frings mouse model of audiogenic epilepsy (Skradski et al., 2001) , share structural homology, including epilepsy-associated repeats (Scheel et al., 2002) .
Altogether, our findings highlight a gene dosage relation between LGI1 and epileptic syndromes. Lack of one LGI1 copy confers an enhanced susceptibility to auditory-evoked seizures, as in some patients with ADLTE, while early onset spontaneous seizures occur in mice lacking two copies. These observations indicate that LGI1 knockout mice could provide two distinct animal models for epilepsy: heterozygous mice recapitulate the genetic cause and mimic the human condition with an auditory epileptogenic trigger, while homozygous mice are interesting due to an early onset of spontaneous seizures with a probable origin in the temporal lobe structures. In particular, this model may be useful in studies on the temporal development of seizures and the spatial recruitment of distant brain structures as well as the electrical characterization of the transition to seizure or ictogenesis. Our results confirm genetic evidence that LGI1 haploinsufficiency can lead to seizures. The LGI1 knockout mouse thus provides a novel non-lesional epileptic mouse model that may open new therapeutical avenues for
LGI1+/-LGI1-/- patients with pharmacoresistant epilepsies, including but not limited to those with LGI1 mutations, by identifying new pre-and postsynaptic targets for modulation of circuit excitability by LGI1.
LGI1-deficient mouse: a tool to understand the function of LGI1
The LGI1 knockout mouse may help understand the function of this secreted neuronal protein. While the loss of both LGI1 alleles by somatic mutations in glioma cell lines was first thought to contribute to malignant brain tumours (Chernova et al., 1998) , our findings emphasize a role in epileptogenesis. Since we found no evidence for gliomas in LGI1 À/À Nissl-stained brains sections (n = 8), the germinal loss of LGI1 seems unlikely to be related to brain tumour genesis. While tumours might conceivably develop in LGI1 À/À mice if they did not die prematurely, there is no evidence for an elevated rate of malignancy in families with ADLTE (Brodtkorb et al., 2003) . Recent data have shown that LGI1 shapes neuronal morphology at multiple levels. It forms part of canonical pathways controlling axon guidance (Kunapuli et al., 2009) , hippocampal neurite outgrowth in vitro (Owuor et al., 2009 ) and postnatal pruning of granule cell dendrites and glutamatergic synapses (Zhou et al., 2009) . Possibly developmental actions of LGI1 on dendritic and synaptic maturation contribute to epileptogenesis. We detected no major anomalies in cortical lamination in either LGI1 À/À or LGI1 +/À mice, but further work is needed to define more subtle morphological changes. We consistently observed that recurrent seizures were first initiated at postnatal day 10 in LGI1 À/À mice. This date of onset was not correlated with the developmental pattern of LGI1 expression. In the wild-type mouse, the antibody we used (ab30868; specificity proven, since there was no LGI1 signal in tissue from knockout mice) detected LGI1 as early as embryonic day 16, somewhat earlier than previous studies (Furlan et al., 2006; Ribeiro et al., 2008; Zhou et al., 2009) . This onset timing of seizures, loss of body weight and premature death in LGI1
À/À mice mirrors that in SCN1A knockout and knock-in mice, which are models for severe myoclonic epilepsy of infancy (Yu et al., 2006; Ogiwara et al., 2007) . Many significant developmental events occur in rodents during the restricted time window when seizures emerge in LGI1 À/À mice, including the switch in polarity of GABAergic signalling in inhibitory interneurons (Ben-Ari and Holmes, 2006) and the maturation of excitatory synapses terminating on principal cells of the cortex and hippocampus (Zhou et al., 2009) . Recent reports converge to show that LGI1 regulates the development of glutamatergic synapses (Fukata et al., 2010; Yu et al., 2010 ) and yet contradict each other. Yu et al. (2010) suggest that an absence of LGI1 enhances excitatory synaptic transmission with an increased frequency of excitatory postsynaptic synaptic currents but no difference in their amplitude (Yu et al., 2010) . In contrast, Fukata and colleagues (2010) found a reduction in the amplitude of excitatory postsynaptic synaptic currents (selectively of AMPA-mediated excitatory postsynaptic synaptic currents), but no change in their frequency (Fukata et al., 2010) . Further studies may reveal the reasons for this difference.
It remains unclear how mutations in or inactivation of LGI1 led to epilepsy. Possibly, temporally restricted deletion of LGI1 using inducible Cre transgenic mice may permit the differentiation of defects in synaptic transmission and/or cellular excitability due to prenatal or postnatal neuronal development, and those due to a lack of LGI1 in the adult.
LGI1 is a novel type of epilepsy gene, structurally distinct from ion channel genes involved in other inherited epilepsies. The human ADLTE syndrome may therefore depend on a pathway to enhanced brain excitability different from those resulting from altered ion channels.
